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Abstract
Background: Human T-lymphotropic virus type 1 (HTLV-1) is an important human retrovirus that is a cause of
adult T-cell leukemia/lymphoma. While an important human pathogen, the details regarding virus replication cycle,
including the nature of HTLV-1 particles, remain largely unknown due to the difficulties in propagating the virus in
tissue culture. In this study, we created a codon-optimized HTLV-1 Gag fused to an EYFP reporter as a model
system to quantitatively analyze HTLV-1 particles released from producer cells.
Results: The codon-optimized Gag led to a dramatic and highly robust level of Gag expression as well as virus-like
particle (VLP) production. The robust level of particle production overcomes previous technical difficulties with
authentic particles and allowed for detailed analysis of particle architecture using two novel methodologies. We
quantitatively measured the diameter and morphology of HTLV-1 VLPs in their native, hydrated state using cryo-
transmission electron microscopy (cryo-TEM). Furthermore, we were able to determine HTLV-1 Gag stoichiometry
as well as particle size with the novel biophysical technique of fluorescence fluctuation spectroscopy (FFS). The
average HTLV-1 particle diameter determined by cryo-TEM and FFS was 71 ± 20 nm and 75 ± 4 nm, respectively.
These values are significantly smaller than previous estimates made of HTLV-1 particles by negative staining TEM.
Furthermore, cryo-TEM reveals that the majority of HTLV-1 VLPs lacks an ordered structure of the Gag lattice,
suggesting that the HTLV-1 Gag shell is very likely to be organized differently compared to that observed with HIV-
1 Gag in immature particles. This conclusion is supported by our observation that the average copy number of
HTLV-1 Gag per particle is estimated to be 510 based on FFS, which is significantly lower than that found for HIV-1
immature virions.
Conclusions: In summary, our studies represent the first quantitative biophysical analysis of HTLV-1-like particles
and reveal novel insights into particle morphology and Gag stochiometry.
Introduction
There are approximately 15-20 million people infected
by human T-lymphotropic virus type 1 (HTLV-1)
worldwide [1]. HTLV-1 infection can result in a number
of severe disorders including adult T cell leukemia/lym-
phoma (ATLL) as well as HTLV-1 associated myelopa-
thy/tropical paraparesis (HAM/TSP) [2,3]. Despite its
association with cancer and its significant impact on
human health, many of the details regarding the
replication, assembly and fundamental virus particle
structure remain poorly understood.
The Gag polyprotein is the main retroviral structural
protein and is sufficient, in the absence of other viral
proteins, for the production and release of immature
VLPs [4]. The Gag polyprotein is composed of three
functional domains: matrix (MA), caspid (CA), and
nucleocapsid (NC). Typically, upon budding or immedi-
ately after immature particle release, proteolytic cleavage
of the Gag polyproteins takes place and results in virus
particle core maturation. The Gag polyprotein is cleaved
into MA, CA, and NC by the viral protease. The newly
processed proteins reorganize into structurally distinct
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membrane; CA undergoes conformational changes and
reassembles into a viral core, which encapsulates a com-
plex of NC, genomic RNA, and other important viral
proteins [5-7].
Studies with many retroviruses, including human
immunodeficiency virus type 1 (HIV-1), have shown
that retroviral assembly is initiated by binding the myris-
toyl moiety of MA with lipid rafts at the plasma mem-
brane [8-11]. The MA-membrane interaction is thought
to stimulate Gag oligomerization, the interaction
between viral genomic RNA and NC, and the recruit-
ment of a variety of host factors. Accumulation of Gag
at the plasma membrane triggers the activation of the
ESCRT machinery which creates the membrane curva-
ture that results in the budding of immature virus parti-
cles [12]. Analysis of Gag molecules in immature HIV-1
particles have revealed that the MA domain is located at
the membrane with the CA and NC domains projecting
towards the center of the particle [13].
Cryo-electron tomography (cryo-ET) combined with
three-dimensional (3D) reconstructions have provided
highly detailed structural information for HIV-1. Struc-
tural studies have revealed that HIV-1 Gag proteins
form an incomplete paracrystalline lattice in immature
particles [14,15]. This incomplete Gag lattice was
observed to consist of a hexameric organization with
80-Å distance between neighboring ring-like structures
[14,15]. While the myristoyl moiety of MA appeared to
be associated with membrane, the hexameric ring
structure in the 3 D maps were attributed to CA, and
the Gag-Gag interactions in the immature particles
were proposed to be primarily stabilized by CA and
SP1, rather than the affinity of membrane-binding via
MA [15].
Despite limited amino acid sequence homology among
different retroviruses, the atomic tertiary structures of
individual Gag domains exhibit high similarity [16-18].
Therefore, structural and assembly mechanisms of HIV-
1 are generally used as a reference model for other ret-
roviruses. However, structural evidence indicates that
the conservation of Gag organization between HTLV-1
and HIV-1 is poorly understood. In this study, we have
performed cryo-TEM on HTLV-1-like particles. Our
study is the first to study HTLV-1 particles in their
native, hydrated state. Our results demonstrate an aver-
age HTLV-1 particle diameter of ~ 73 nm, which is
smaller than previously predicted based on conventional
negative staining TEM [19]. Using the novel biophysical
technology of FFS, we further demonstrate that there
are ~ 510 copies of Gag per HTLV-1 particle, a number
that is significantly lower than what is typically found in
HIV-1 particles. Finally, our cryo-TEM images analysis
reveals a less ordered Gag structure compared to that
reported for HIV-1, suggesting that the HTLV-1 Gag
shell has a distinct architecture.
Results
Creation of a tractable and robust system for the
production of HTLV-1-like particles
Previous molecular analyses of HTLV-1 replication
have been severely hampered by the fragility of HTLV-
1 proviral sequences as well as the low levels of viral
replication in tissue culture. Given the technical and
experimental limitations of working with HTLV-1, we
first sought to create an experimental model system
that would be amenable to successfully and efficiently
analyze HTLV-1 Gag trafficking and virus particle
assembly and release. It is well-established that retro-
viral Gag polyprotein is sufficient for the assembly and
release of VLPs [reviewed by [20]]. Our previous stu-
dies indicated that HTLV-1 Gag constructs express
Gag at low levels (Huating Wang and Louis Mansky,
unpublished observations), presumably due to missing
cis-elements on the RNA transcript required for effi-
cient nuclear export.
In order to create a tractable and robust system for
Gag expression and virus-like particle production, we
designed and created a codon-optimized HTLV-1 Gag
construct to improve HTLV-1 Gag expression. In order
to readily detect Gag expression, trafficking, and incor-
poration into VLPs, we fused the EYFP to the C-term-
inal end of the Gag protein. Figure 1A shows the
HTLV-1 Gag-EYFP expression construct. In this con-
struct, the Gag-EYFP i se x p r e s s e df r o maC M Vp r o m o -
ter, and a Kozak consensus sequence was engineered
upstream of the start codon to facilitate translation
initiation as well as an in-frame insertion of the EYFP
gene sequence just prior to the HTLV-1 Gag gene stop
codon. The plasmid is quite stable and readily amplified
in E. coli (data not shown).
To confirm expression of the fusion construct, 293T
cells were transiently transfected with three independent
clones of pEYFP-N3 HTLV-1 Gag in parallel experi-
ments. Thirty-six hours post-transfection, HTLV-1 Gag-
EYFP protein expression was examined from both cell
culture supernatants (Figure 1B, lane 1-3) and from cel-
lular lysates (Figure 1B, lane 4-6). The Gag precursor-
EYFP fusion protein, with a molecular mass of approxi-
mately 80 kDa was very readily observed, with each of
the 3 clones analyzed expressing very high and compar-
able levels of HTLV-1 Gag-EYFP. The minor bands of
smaller molecular mass likely represent partially
degraded HTLV-1 Gag-EYFP and not cleavage products
of the viral protease, since it is not present in the Gag
expression construct. The Gag-EYFP observed in VLPs
was primarily full length (Figure 1B, lane 1-3), with
undetectable levels of mature capsid (p24) protein.
Grigsby et al. Retrovirology 2010, 7:75
http://www.retrovirology.com/content/7/1/75
Page 2 of 13Figure 1 Development of a model system for the efficient expression of HTLV-1 Gag and robust production of VLPs. (A). HTLV-1 Gag
expression construct. The HTLV-1 Gag gene was codon-optimized with the insertion of a Kozak consensus sequence (arrow) upstream of the
ATG start codon (arrowhead). The EYFP gene was inserted in-frame prior to the Gag gene stop codon. The CMV promoter and 3’-end poly A are
indicated. (B). Immunoblot analysis of HTLV-1 Gag. An anti-HTLV-1 p24 monoclonal was used to detect HTLV-1 Gag-EYFP (arrow). Cell culture
supernatants were collected from MT-2 cells was used as a positive control. Lane 1-3 are cell culture supernatants from three independent
experiments in which pEYFP-N3-HTLV-1 Gag was transiently transfected into 293T cells; lane 4-6 are the cellular lysates. Lane “M”, molecular
markers. (C). Transmission electron microscopy of VLPs. Left panel, VLPs produced from 293T cells transiently transfected with pEYFP-N3-HTLV-1
Gag; right panel are HTLV-1 particles from MT-2 cells. Scale bar = 200 nm.
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duced from cells expressing pEYFP-N3 HTLV-1 Gag,
transiently transfected 293T cells were harvested and
examined by TEM. MT-2 cells, a T-cell line chronically
infected by HTLV-1, were examined as a control. As
shown in Figure 1C, VLPs can be observed from 293T
cells transiently transfected with the pEYFP-N3 HTLV-1
Gag construct (Figure 1C, left panel). In comparison to
HTLV-1 produced from MT-2 cells (Figure 1C, right
panel), the VLPs produced from the fusion construct
resemble immature particles. In particular, the intense
electron density along the lipid bilayer of VLPs likely
represents the accumulation of Gag-EYFP (Figure 1C,
left inset) in contrast to the mature viral cores observed
with HTLV-1 particles from MT-2 cells (Figure 1C,
right inset).
We also examined the cellular localization of the Gag-
EYFP compared to Gag produced from a HTLV-1 mole-
cular clone. The pEYFP-N3 HTLV-1 Gag construct was
transiently transfected into HeLa cells, and 36 hours
post transfection, cells were fixed and analyzed by con-
focal microscopy (Figure 2A, B). Comparable punctate
localization of Gag was observed for both the Gag-EYFP
and the Gag expressing from the full-length molecular
clone. Our observations suggest that Gag-EYFP expres-
sion in cells results in an intracellular localization pat-
tern like that of Gag produced from a HTLV-1
molecular clone. In total, our findings provide evidence
this construct results in the robust expression of HTLV-
1 Gag as well as the highly efficient production of
HTLV-1-like particles.
Analysis of HTLV-1-like particle morphology by cryo-TEM
To further characterize the VLPs produced from the
HTLV-1 Gag-EYFP expression construct, we examined
the VLP morphology by cryo-TEM. Supernatants from
293T cells transiently-cotransfected with the HTLV-1
Gag-EYFP expression construct and a VSV-G construct
were harvested, concentrated, and then subjected to a
10-40% linear sucrose gradient. The resulting VLPs were
then used in cryo-TEM. As shown in Figure 3A, the
majority of the resulting VLPs were found to be spheri-
cal, with less than 20% of the population showing an
elongated morphology. Another example of the particles
we observed in our study is shown in Additional file 1.
Interestingly, VLPs produced in the absence of an envel-
ope protein resulted in VLPs with irregular shapes, sug-
gesting that the envelope protein helped to stabilize the
VLP membrane (data not shown). We used the cryo-
TEM images to next measure the diameter of the VLPs,
where the average diameter was based on two measure-
ments (as illustrated in Figure 3B), with a total of 1734
particles examined. Similar to other retroviruses, there
was a range of particle size. For completeness, we
counted all particles that were spherical in shape that
appeared to have an electron dense interior. Using these
criteria, a total of 1734 particles were examined, ranging
from 30 to 237 nm. While the overall range of particles
observed was quite wide, the smallest (i.e., under
40 nm) and largest (i.e., over 170 nm) particles repre-
sented less than 1% of the total number of particles
observed, and their inclusion had little impact on the
mean particle size (i.e., 71 +/- 20 nm versus 72 nm +/-
18). We observed that over 25% of the total population
was in the 70-80 nm range, with a mean particle size of
71 +/- 20 nm.
Analysis of VLP radial profile
We next used the information obtained by cryo-TEM to
examine the VLP radial profile. For the majority of
VLPs, cryo-TEM revealed that the inner Gag structure
was indistinguishable (Figure 3A). The partially ordered
Gag lattice can be observed (data not shown), although
the structure is less obvious compared to that reported
for HIV-1 immature particles [13]. Furthermore, the
inner density appears to vary among VLPs, with some
exhibiting homogenous inner density, while others seem
to have an uneven distribution of electron densities
attributable to Gag (Figure 3A arrow).
To further analyze the electron density of VLPs, we
investigated the radial density profile of VLPs. First, the
average radial density profile was determined for several
particles whose diameters ranged between 70-80 nm. As
shown in Figure 4, the average distance between the
highest density peaks of inner and outer leaflets of viral
membrane with MA domain is approximately 30-Å. The
MA domain is indistinguishable from the inner layer of
membrane. The electron density profile approaching the
center of the particle is relatively flat, suggesting a
homogenized inner density. Our observations indicate
that the HTLV-1-like particles are quite distinct from
those produced from HIV-1 Gag.
FFS measurement of VLP size and Gag copy number
FFS provides information about the size of a particle
through the autocorrelation function and the brightness
and concentration of the particles through the photon
counting histogram (PCH). Recent advances have
expanded this technique to allow for the examination of
protein oligomerization of larger complexes, including
our recent analysis of HIV-1 particles [21]. In the cur-
rent experiments, we performed measurements on the
same cell culture supernatant from 293T cells transi-
ently transfected with HTLV-1 Gag-EYFP and VSV-G
expression constructs. The supernatant from these cells
was clarified by a low-speed centrifugation to eliminate
large cell debris, and then directly used for FFS analysis.
Figure 5A shows a representative fluorescence intensity
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B
Figure 2 Cellular localization of HTLV-1 Gag-EYFP and HTLV-1 Gag. HeLa cells were transiently transfected with pEYFP-N3-HTLV-1 Gag (A) or
a HTLV-1 molecular clone (B). The locations of nuclei were identified by DAPI staining (blue), HTLV-1 Gag (green). Scale bars = 28 μm.
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Figure 3 Cryo-TEM analysis of HTLV-1 Gag-based VLPs. (A). Cryo-TEM images of VLPs produced from 293T cells. Examples of VLPs that have
partially occupied inner electron density are indicated with arrows. The inset shows a magnified view of a representative VLP. Scale bars = 100
nm. (B). Distribution of VLP diameter. Particle diameter was determined by averaging the longest and shortest measurements as indicated in the
diagram at the top right corner using the ImageJ software. A total of 1734 VLPs were examined (mean = 71 +/- 20 nm).
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Page 6 of 13trace of a FFS experiment performed on the cell culture
supernatant. The discrete fluorescence intensity spikes
are produced by VLPs passing through the observation
volume. This raw data was analyzed by fluorescence cor-
relation spectroscopy to determine the average particle
size from the autocorrelation function (Figure 5B). A fit
to a single species diffusion model accurately describes
the correlation function and identifies a diffusion time
of 5.2 ms. This diffusion time corresponds to an average
hydrodynamic diameter of 74 nm as determined by the
Stokes Einstein relation. Repeating the measurement
(n = 5) on independently prepared samples resulted in a
mean diameter of 75 ± 4 nm for the VLPs.
The same raw data was analyzed with PCH analysis to
determine the average copy number and concentration
of VLP samples. A model assuming a single VLP bright-
ness species leads to poor fits of the experimental PCH
data (reduced c
2 ≥ 10). Including a second VLP bright-
ness species into the fit model was required to repro-
duce the experimental data. A fit of the photon
counting histogram to a 2-species model (reduced c
2 =
1 . 5 )i ss h o w ni nF i g u r e5 B .T h ep r e s e n c eo ft w ob r i g h t -
ness species indicates brightness heterogeneity in the
VLP sample. In other words, the VLP particles passing
through the laser excitation volume are not all of equal
brightness, which gives rise to the additional brightness
species. Each species i is characterized by its normalized
brightness bi and average particle number Ni in the
observation volume. Note that the normalized bright-
ness is the same as the Gag copy number of the VLP. It
is illustrative to briefly ignore the brightness heterogene-
i t yb yc a l c u l a t i n gt h ea v e r a g eG a gc o p yn u m b e rbavg of
the VLP sample according to [22].
Based on measurements of several HTLV-1-like parti-
cle samples (n = 5) we determined an average Gag copy
number per VLP of 510 ± 50 (Figure 6). To put this
number into perspective, recall that a copy number of
~5000 Gag is required to completely fill the surface of a
140 nm HIV-1 VLP [5]. Thus, a maximum Gag copy
number of ~1300 is expected for the smaller (~73 nm)
HTLV-1 VLP assuming that both Gag proteins occupy a
comparable surface area at the membrane. The observa-
tion of an average Gag copy number of 510 indicates
that, on average, Gag at the membrane only covers
about half of the available surface area.
T h ea v e r a g eG a gc o p yn u m b e rw a sd e t e r m i n e df r o m
the two brightness species identified by PCH analysis.
Repeated measurements of multiple independent sample
preparations confirmed the presence of the two species.
Their brightness values, which typically varied very little
across experiments, correspond to Gag copy numbers of
b1 =3 0 0±6 0a n db2 = 880 ± 100 (Figure 6). The con-
centrations N1 and N2 varied from sample to sample,
reflecting that total VLP production was dependent on
sample-dependent factors, such as the initial cell density.
However, the population fraction f2 = N2/(N1+N2)
remained approximately constant for all measured sam-
ples, f2 =1 9±7 % .T h u s ,ap o p u l a t i o no f~ 1 9 %o ft h e
VLPs is associated with the higher Gag copy number.
Note that a similar heterogeneity in Gag copy numbers
has also been reported for HIV-1 VLPs [21].
Discussion
Recent progress in cryo-TEM, cryo-ET and 3 D recon-
struction has led to many major breakthroughs in our
understanding of virus structure. For instance, the archi-
tecture of immature and mature HIV-1 [13,23,24], mur-
ine leukemia virus (MuLV) [25], and Rous sarcoma
virus (RSV) [26] has been investigated in great detail.
Although HTLV-1 was the first human retrovirus to be
discovered [27,28], very little is known about HTLV-1
virion morphology. Progress in this area of HTLV-1
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Figure 4 Radial density profile of the HTVL-1-like particles. The solid line represents the average density measured; dashed line indicates the
standard deviation (n = 14).
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Page 7 of 13biology has been hampered due to the fragile nature of
HTLV-1 proviral sequences as well as limited levels of
viral gene expression and viral replication in tissue cul-
ture. HTLV-1 pathogenesis is typically observed decades
after infection with low viral loads. In fact, studies have
shown that HTLV-1 restricts its own gene expression
via viral regulatory factors [29,30]. HTLV-1 has likely
evolved such a replication strategy for immune escape.
Furthermore, high AU-content of the retroviral genome
may lead to instability during nuclear transport of
mRNAs [31], which also contributes to the overall low
level of viral gene and protein expression. In this study,
we have designed a model system to study HTLV-1 Gag
trafficking in cells and VLP production and morphology.
The basis for this model system is a codon-optimized
HTLV-1 Gag-EYFP construct, which can be readily
amplified as a plasmid, expresses high levels of HTLV-1
Gag in mammalian cells, and robustly produces VLPs.
This is the first model system developed for HTLV-1
for the study of virus particle assembly, release, as well
as virus particle morphology.
While our model system does not express Gag in the
context of a proviral sequence (i.e., codon-optimized
and EYFP-tagged), our results indicate that the VLPs
produced have the morphology of the authentic HTLV-
1 immature particles. Furthermore, while the Gag traf-
ficking pathways used by the HTLV-1 Gag in this model
system may be different from that of Gag expressed
from the provirus, the production of VLPs argues that
the trafficking pathways are biological relevant since
VLP production is the result of expression of the
codon-optimized Gag-EYFP fusion. The altered Gag
A
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Figure 5 Fluorescence fluctuation spectroscopy analysis of
HTLV-1 Gag-based VLPs. (A). The fluorescence intensity trace
shows discrete peaks, which correspond to individual VLPs diffusing
through the observation volume. (B). Experimental photon counting
histogram (diamonds) of the VLP sample. A fit (solid line) of the
histogram to a 2-species model with background identifies the
concentration and Gag copy number of the VLPs. The presence of
two species indicates the existence of heterogeneity in the Gag
copy number of VLPs. A weighted average of the two species leads
to an average Gag copy number of 530 per VLP. The first VLP
species has a copy number of 270 and a concentration of 20.5 pM.
The second VLP species, which is brighter than the first, has a copy
number of 800 and a concentration of 6.5 pM. (C). A fit (solid line)
of the autocorrelation function (diamonds) to a diffusion model
identifies an average hydrodynamic diameter of 74 nm for the VLPs.
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Figure 6 Gag copy number of HTLV-1 Gag based VLPs. The Gag
copy number was determined by FFS analysis of several
independent VLP samples (n = 5). The mean copy number per VLP
is shown together with the corresponding copy number of the two
subpopulations identified by FFS analysis. The error bars represent
the standard deviation of the multiple measurements.
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Page 8 of 13trafficking pathways could influence envelope incorpora-
tion into VLPs, though our cryo-TEM data revealed an
abundance of VLPs with VSVG. The VLPs characterized
in our study resemble immature HTLV-1 and can be
readily observed in ultrathin sections of 293Ts trans-
fected with pEYFP-N3 HTLV-1 Gag (Figure 1C). In
addition, cell culture supernatants from 293Ts transi-
ently transfected with pEYFP-N3 HTLV-1 Gag contain
high levels of Gag-EYFP fusion proteins (Figure 1B),
which provides second line of evidence for the produc-
tion of VLPs. In the fraction of sucrose gradients con-
taining the highly-fluorescent material, cryo-TEM
reveals that these fractions are highly concentrated with
VLPs (Figure 3A). Expression of EYFP alone in cells did
not lead to the release of fluorescence in the cell culture
supernatant (data not shown), arguing that we were spe-
cifically detecting the Gag-EYFP fusion in the VLPs.
We found that the intracellular localization of HTLV-1
Gag-EYFP was comparable to that of authentic Gag in
HeLa cells (Figure 2). This implies, though does not for-
mally prove, that there are similarities in the Gag traffick-
ing pathway used by Gag-EYFP and authentic Gag.
Among retroviruses, intracellular Gag polyproteins are
thought to target and accumulate at membrane compart-
ments prior to viral assembly. In the case of HIV-1, Gag is
thought to primarily target specific domains of the plasma
membrane where PI(4,5)P2 and cholesterol are enriched,
though endosomal trafficking may also play a role. For
HTLV-1, several studies have suggested the association of
Gag with several markers found on the membranes of late
endosomes and multivesicular bodies - these markers are
also enriched at the plasma membrane [32-35].
Our cryo-TEM and FFS analysis determined that the
average VLP diameter was 71 ± 20 nm and 75 ± 4 nm,
respectively. As observed in other retroviruses, the size
of HTLV-1-like particles varies greatly, ranging from 30
to 237 nm. According to the size distribution (Figure
3B), over 25% of the population is between 70-80 nm in
diameter, indicating that HTLV-1 is smaller, on average,
than previously believed. The average diameter of
HTLV-1 has been shown to be anywhere from 95.1 ±
19.0 nm to 110.0 ± 15.5 nm depending on different
types of staining used for TEM [19]. However, morpho-
logical details are lost with staining methods when the
biological specimens are completely dehydrated. Exam-
ining frozen, hydrated samples via cryo-TEM reflects
the native morphology of the viral particles. Moreover,
FFS offers a unique way to determine the average hydro-
dynamic radius in the cell supernatant without any spe-
cial treatment or preparation prior to FFS analysis. The
use of two independent methods for determining VLP
diameter provides a strong argument in favor of the
relatively small particle diameter for the HTLV-1-like
particles analyzed in our study.
We used FFS to also investigate Gag stoichiometry in
the VLPs by performing brightness analysis of the FFS
data. We determined that the average Gag copy number
per VLP is ~510, which implies that only half of the
available membrane surface is covered by Gag. Bright-
ness analysis further revealed heterogeneity of the Gag
copy number by identifying two brightness species. The
presence of heterogeneityi nt h eG a gc o p yn u m b e rh a s
also been observed for HIV-1 Gag-based VLPs [21].
Since FFS analysis involves an ensemble average over all
measured VLPs, the information in the PCH curve only
provides a rough approximation of the true Gag copy
number distribution for the VLPs. Thus, the two bright-
ness species identified by PCH analysis do not necessa-
rily reflect two distinct populations of VLPs, but more
likely reflect the analytical approximation of a broad dis-
tribution of Gag stoichiometries that approximately
range from 300 to 880. PCH analysis also demonstrates
that only ~20% of VLPs have high copy numbers.
Among the thousands of cryo-TEM images of VLPs
examined in our study, we commonly observed particles
that did not have electron density consistent with a Gag
shell covering the entire membrane surface (Figure 3A).
These results suggest that the majority of HTLV-1 parti-
cles analyzed contain an incomplete shell of Gag lattice.
In the case of HIV-1, previous 3 D structural analyses
revealed that most immature virions contain a continu-
ous, but incomplete, hexameric arranged Gag shell, cov-
ering approximately 40-60% of the membrane surface
[14,15,36]. The average copy number of Gag per particle
was calculated to be approximately 2,400 ± 700 per
immature particle. The Gag number increased signifi-
cantly, however, when defects were introduced during
budding [36]. In fact, the data is in agreement with our
previous FFS study indicating that HIV-1 Gag stoichio-
metry ranges from 750 to 2,500 [21]. Since the mature
core consists of only 1,000-1,500 molecules of CA [23],
it is reasonable to believe that an equivalent number of
Gag molecules are needed to form an immature particle.
Our current study is the first to provide insights into the
structural details for HTLV-1.
In vitro studies suggest that the HTLV-1 Gag shell is
very likely to be organized differently compared to that
of HIV-1 Gag [16-18]. When examining the cryo-TEM
images of HTLV-1-like particles, we rarely observed a
highly ordered Gag lattice next to the lipid bilayer (Fig-
ure 3A), a feature frequently observed in immature
HIV-1 particles. The HTLV-1 particles analyzed in our
study were fairly uniform in their overall inner density.
Furthermore, in contrast to HIV-1, no defined peaks
representing the CA or NC domains were found in the
HTLV-1 radial density profile. The two peaks represent-
ing the lipid bilayers could be clearly determined (Figure
4), whereas the inner density profile appeared to be
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dimensional projection of the virus particle, a more rig-
orous structural analysis, such as cryo-ET, is needed to
further examine the protein organization in the HTLV-
1-like particles.
In summary, we have developed the first efficient and
robust model system for the analysis of HTLV-1 Gag
cellular trafficking, virus particle assembly, release and
particle morphology. This system will allow for signifi-
cant advancements in understanding of the basic
mechanisms of HTLV-1 replication - which has been
severely hampered due to the limitations in studying
HTLV-1 in tissue culture. Our study also represents the
first description of immature HTLV-1 particles as well
as quantitative measurements of particle size, Gag copy
number, and an initial analysis of the HTLV-1 Gag lat-
tice. Future application of cryo-electron tomography will
aid in gaining greater insight into HTLV-1 particle mor-
phology. A deeper understanding of the basic mechan-
isms involved in HTLV-1 particle assembly and
morphology should help to enhance our global under-
standing of the basis of HTLV-1 particle infectivity,
transmission and pathogenesis.
Materials and methods
Construction of codon-optimized HTLV-1 gag-yfp fusion
A codon-optimized HTLV-1 Gag gene was designed
using the UpGene program [37] and synthesized by Gen-
Script Co. (Piscataway, NJ). The synthetic HTLV-1 gag
contains an optimal Kozak consensus sequence [38,39] at
the 5′ end of the gene: GCCACCATGG (start codon in
bold). Two restriction enzyme sites, Hind III and Bam
HI, were also engineered into the 5′ and 3′ end of the
gene, respectively, for sub-cloning purposes. For reporter
gene construction, the artificial HTLV-1 gag was cloned
into a pEYFP-N3 vector using the HindIII and BamHI
restriction sites, creating pEYFP-N3 HTLV-1 Gag.
Immunoblotting
293T cells were transiently transfected with the pEYFP-N3
HTLV-1 Gag construct using GenJet (SignaGen, Gaithers-
burg, MD) according to the manufacturer’si n s t r u c t i o n s .
Thirty-six hours post-transfection, cell pellets and super-
natant were collected and lysates were prepared as pre-
viously described [40]. Lysates were subjected to
electrophoresis on 12.5% polyacrylamide gels and trans-
ferred to nitrocellulose (Bio-Rad, Hercules, CA). HTLV-1
Gag polyprotein was detected with a primary mouse anti-
HTLV-1 p24 antiserum (Abcam, Cambridge, MA) at
1:1500 dilution followed by a horseradish peroxidase-con-
jugated goat anti-mouse IgG (Thermo Fisher, Rockford,
IL) at 1:5000 dilution. Gag polyprotein expression was
detected with a ChemiDoc XRS system (Bio-Rad).
Immunofluorescence and fluorescence microscopy
HeLa cells were grown on Lab-Tek II chamber slides
(Fisher Scientific) and transfected with either the
pEYFP-N3 HTLV-1 Gag construct or a HTLV-1 proviral
clone (a kind gift from Dr. Marie-Christine Dokhelar)
[41]. Thirty-six hours post-transfection, cells were
washed twice with 1× PBS buffer and fixed with 4% par-
aformaldehyde for 20 min. For cells transfected with
pEYFP-N3 HTLV-1, cells were washed three times after
fixation, and stained for 5 min with 1 μg/ml DAPI
(Sigma-Aldrich, St. Louis, MO) in 1× PBS containing
0.05% Triton X-100 (Sigma-Aldrich), then preserved
using ProLong Gold antifade mounting regent (Invitro-
gen, Carlsbad, CA). For cells transfected with the
HTLV-1 proviral clone, permeabilization was achieved
by treating with 1× PBS containing 0.5% Triton X-100
for 2 min at room temperature following fixation. Cells
were then washed three times and blocked with 1× PBS
containing 5% normal donkey serum (Sigma-Aldrich)
for 30 min. Primary mouse anti-HTLV-1 p24 antisera
(Abcam) were diluted (1:150) in blocking solution and
incubated with cells. After incubation for 2 hr at room
temperature, cells were washed three times, followed by
a second incubation for 1 hr at room temperature with
diluted (1:250) Alexa Fluor 488-conjugated donkey anti-
mouse IgG (Invitrogen). Prior to mounting, cells were
washed five times and stained with DAPI as described
above. Intracellular localization of Gag polyprotein was
detected with an Olympus FV500 confocal laser scan-
ning microscope. Optical sections of cells were collected
with a Plan-Apo 60×/1.45 NA TIRFM objective at 1.5
zoom. The z-series were reconstructed using Olympus
FluoView software.
VLPs purification for cryo-TEM
293T cells were co-transfected with pEYFP-N3 HTLV-1
and a vesicular stomatitis virus G (VSV-G)p r o t e i n
(10:1) expression construct using GeneJet. Twenty-four
hours post-transfection, the cell culture media was
changed to a serum-free media and incubated for an
additional 12 hr. In order to harvest VLPs, tissue culture
supernatant was centrifuged at 3000 × g for 5 min to
remove large cellular debris, then the supernatant was
passed through an Amicon Ultra- 15 Centrifugal Filter
Unit (100 KDa) (Millipore, Billerica, MA) to concentrate
samples. The concentrated samples were then subjected
to a 10-40% linear sucrose gradient prepared with a
Gradient Master (BioComp, Fredericton, NB, Canada).
Samples were then ultracentrifuged at 35,000 rpm for
30 min at 4°C using a SW55 Ti rotor. The VLP fraction
was extracted and pelleted at 35,000 rpm, 4°C for 1.5 hr
using a SW55 Ti rotor (Beckman). After centrifugation,
the pellet was resuspended in 1× STE buffer (10 mM
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4 hr and then analyzed by cryo-TEM.
TEM of transfected cells
293T cells were transfected with either pEYFP-N3
HTLV-1 or a HTLV-1 proviral clone as described
above. Thirty-six hours post-transfection, cells were har-
vested and washed twice with 1× PBS followed by an
additional wash in 0.1 M sodium cacodylate. To prepare
thin sections, cell pellets were first fixed with 2.5% glu-
taraldehyde for 40 min and then washed three times
with 0.1 M sodium cacodylate. After washing, the sam-
ples were post-fixed with 1% OsO4 for 30 min, followed
by three rinses. The samples were then subjected to
increasing concentrations of ethanol for dehydration.
Immediately following the application of 70% ethanol,
en bloc staining was added to the samples for 30 min
before embedding in Epon 812 resin. Ultrathin sections
(65 nm) were acquired and stained with uranyl acetate
and lead citrate, then examined by electron microscopy
using a JEOL 1200EX transmission electron microscope.
Cryo-TEM of HTLV-1 VLPs and calculation of radial profile
A 3ul aliquot of the purified and concentrated HTLV-1
VLP sample preparation was applied to a glow-dis-
charged c-flat holey carbon grid (Ted Pella, Redding,
CA) and used for plunge freezing into liquid ethane [42]
with a FEI Vitrobot MarkIII system. The frozen grids
were then transferred to a FEI TF30 field emission gun
transmission electron microscope at liquid nitrogen
temperature. Images were recorded at a magnification of
4 0kt o1 0 0ka tl o w - d o s e( ~ 3 0e / Å 2 )a n d1t o5μm
underfocus conditions using a Gatan 4 k by 4 k CCD
camera.
In order to calculate the radial density profile, images
of VLPs with spherical morphology were boxed using
RobEM http://cryoem.ucsd.edu/programDocs/runRo-
bem.txt. The center of each particle was determined
using the program EMCORORG that calculates cross-
correlation of each image with its 180° rotational image
http://cryoem.ucsd.edu/programDocs. The radial profile
for each particle was then calculated by computing the
rotationally averaged density relative to the center of the
particle. A group of 14 VLP images with a diameter in
the range of 70-80 nm was used for calculation of the
averaged radial profile. Each pixel in the image corre-
sponds to a 3.0-Å spacing in the VLP. The defocus
levels of these images were between 1.5-3.7 μm, which
allows for visualization of both membrane leaflets of the
viral membrane. The radial profile of each particle was
first calculated to obtain the highest density position of
the outer membrane leaflet. The radial profile of each
particle was then linearly interpreted to match the posi-
tion of the outer membrane to the averaged position
(367-Å radius). The average radial profile and standard
deviation were then calculated.
VLP size measurements
Cryo-TEM images were analyzed using ImageJ software
(NIH, Bethesda, MD). For each VLP, two perpendicular
diameters were used to calculate the average diameter.
The histogram was generated using GraphPad Prism 5
software (GraphPad, La Jolla, CA).
VLP preparation and FFS experimental setup
293T cells were co-transfected with pEYFP-N3 HTLV-1
and a VSV-G expression construct (10:1) as described
earlier. Aliquots of the cell culture supernatants used for
subsequent cryo-TEM analysis were removed for parallel
analysis by FFS. Thirty-six hours post-transfection, VLPs
were harvested and clarified of cellular debris by low-
speed centrifugation at 3000 × g for 5 min as well as
passing through a 0.22 μm filter. The resulting clarified
supernatants were then used for FFS measurements.
A mode-locked Ti:sapphire laser (Tsunami, Spectra-
Physics, Mountain View, CA) pumped by an intracavity
doubled Nd:YVO4 laser (Millenia, Spectra Physics) is
the source of two-photon excitation. Experiments were
performed on a modified Zeiss Axiovert 200 microscope
(Thornwood, NY) as previously described [22]. Each FFS
measurement collects data at a sampling frequency of
20 kHz for a duration of 20-30 min at an excitation
wavelength of 905 nm. The viral particles are measured
using a 63× C-Apochromat water immersion objective
(N.A. = 1.2). The excitation power at the objective ran-
ged from 0.1-0.4 mW. A volume of 200 μl of VLP solu-
tion was added to an 8-well Nunc Lab-Tek Chamber
Slide mounted on the microscope. To avoid evaporation
unused wells were filled with water and the slide was
closed with a lid. Measurements were taken 10 μm
above the bottom of the well.
FFS data analysis
A brief description of the analysis method is provided
here. A detailed discussion of FFS analysis of VLP sam-
ples can be found elsewhere [21]. The diffusion time
was determined by fitting the calculated autocorrelation
function to a single species diffusion model [43]. The
ratio of diffusion time for the two samples is equated,
according to the Stokes-Einstein relation, to the ratio of
the hydrodynamic radii of the diffusing particles τD1/τD2
=r 1/r2. The measured diffusion time of fluorescent
spheres with a known radius of 50 nm serves as a refer-
ence to calculate the average diameter of the VLPs [44].
The FFS data was also fit to a 3-species PCH model
with deadtime and afterpulsing corrections [45]. Each
independent species in PCH is defined by its brightness
ε and the average number N of particles in the optical
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into a concentration after the observation volume is
calibrated with a dye sample. One of the three species is
required to take the auto-fluorescent background of the
solution into account as discussed in a recent paper on
HIV-1 VLPs [21]. This background species, which has a
vanishingly small brightness, is included in every PCH
fit and will not be reported. The other two species of
the PCH model define the VLP sample. The presence of
two brightness species indicates the existence of Gag
copy number heterogeneity within the HTLV-1 VLP
population as previously observed for HIV-1 VLPs [21].
PCH fitting was carried out by programs written in IDL
6.4 (Research Systems, Boulder CO). Error analysis of
FFS data was carried out as previously described [46].
FFS brightness calibration and experimental
considerations
To avoid unwanted optical effects, all experiments are
conducted in a power range where the fluorescence inten-
sity of YFP scales quadratically with excitation power. We
also confirmed that within this power range the average
occupation number N remains constant, which establishes
a constant optical observation volume. The brightness of a
protein complex scales with the number of YFP-labels it
contains [21]. The YFP copy number of a complex is
determined by the normalized brightness b = ε/εYFP,
where εYFP is the brightness of the YFP monomer and ε is
the brightness of the complex. A calibration measurement
of YFP brightness, εYFP, is necessary to determine copy
number. Because YFP brightness is difficult to determine
at the low powers that the VLPs must be measured at to
avoid saturation of the detector, the YFP brightness, εhigh,
is measured at a higher excitation power, Phigh. Conversion
to the YFP brightness εlow for the low power Plow of VLP
experiments is achieved by using the relationship of power
to brightness εlow = εhigh(Plow
2/Phigh
2). The data acquisition
time for the VLP measurements was chosen such that at
least 1000 VLPs passed through the observation volume,
which is sufficient for statistical analysis of the data. All
VLP measurements were performed at excitation powers
that are free from saturation and bleaching artifacts [21].
The FFS experiments identified two brightness species for
the VLP sample. The average normalized brightness bavg
of the two species is determined by a non-linear relation-
ship [22],
b
bN bN
bN bN
avg , =
+
+
1
2
1 2
2
2
11 22
where bi and Ni are the normalized brightness and the
number of particles in the observation volume of each
species.
Additional material
Additional file 1: Supplemental Figure 1. Low magnification cryo-TEM
image of VLPs produced from 293T cells. Image provides another
example of the types of particles observed by cryo TEM. Scale bar = 100
nm.
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